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Abstract
The X-ray SOI pixel sensor onboard the FORCE satellite will be placed in the low earth orbit and will consequently suffer from
the radiation effects mainly caused by geomagnetically trapped cosmic-ray protons. Based on previous studies on the effects of
radiation on SOI pixel sensors, the positive charges trapped in the oxide layer significantly affect the performance of the sensor. To
improve the radiation hardness of the SOI pixel sensors, we introduced a double-SOI (D-SOI) structure containing an additional
middle Si layer in the oxide layer. The negative potential applied on the middle Si layer compensates for the radiation effects,
due to the trapped positive charges. Although the radiation hardness of the D-SOI pixel sensors for applications in high-energy
accelerators has been evaluated, radiation effects for astronomical application in the D-SOI sensors has not been evaluated thus far.
To evaluate the radiation effects of the D-SOI sensor, we perform an irradiation experiment using a 6-MeV proton beam with a
total dose of ∼ 5 krad, corresponding to a few tens of years of in-orbit operation. This experiment indicates an improvement in the
radiation hardness of the X-ray D-SOI devices. On using an irradiation of 5 krad on the D-SOI device, the energy resolution in the
full-width half maximum for the 5.9-keV X-ray increases by 7 ± 2%, and the chip output gain decreases by 0.35 ± 0.09%. The
physical mechanism of the gain degradation is also investigated; it is found that the gain degradation is caused by an increase in the
parasitic capacitance due to the enlarged buried n-well.
Keywords: Radiation damage, SOI pixel, X-ray, Imaging spectroscopy, Astronomy, TID
1. Introduction
We propose a future wide-band X-ray astronomical satel-
lite FORCE (Focusing On the Relativistic universe and Cosmic
Evolution) [1, 2]. The FORCE mission aims to trace cosmic
formation history by observing high energy phenomena in the
universe. For this purpose, it carries three pairs of an X-ray
super-mirror and a focal-plane detector with a focal length of
10 m. The mirror is composed of thin Si substrates with multi-
layer coatings, thereby achieving a high angular resolution in
hard X-ray with low mass [3]. The focal-plane detector, which
is termed as wideband hybrid X-ray imager (WHXI), comprises
a stack of Si sensors and CdTe sensors, utilizing the same con-
cept as the hard X-ray imager onboard Hitomi [4, 5, 6]. A com-
bination of the light-weight Si mirror and the hybrid detector
provides a wide energy coverage from 1 to 80 keV and a high
angular resolution of < 15′′.
We have been developing X-ray pixel sensors termed as
“XRPIX” for the Si sensor of WHXI [7]. XRPIX is a mono-
lithic active pixel sensor composed of a Si sensor layer and a
CMOS pixel circuit layer with a thin oxide layer (BOX: buried
oxide) in between. The sensors were fabricated using silicon-
on-insulator (SOI) technology, which enables using high and
low resistivity Si wafers as the sensor and circuit layers, re-
spectively. Owing to the high resistivity Si wafer, XRPIX has
a depletion layer with a thickness of a few hundreds of µm.
In the CMOS circuit layer, each pixel circuit has a self-trigger
function. This enables a timing resolution of ∼ 10 µs.
Radiation hardness is one of the major challenges when
developing SOI pixel sensors. SOI pixel sensors are sensi-
tive to the total ionization dose (TID) effect [8]. The TID ef-
fect is caused by the accumulated positive charges in the BOX
layer. Under ionizing irradiation, electron-hole pairs are cre-
ated in this BOX layer. As a fraction of these holes are trapped
in the BOX, it forms a positive oxide-trap charge [9]. These
accumulated charges affect the CMOS circuit layer and alter
transistor characteristics such as threshold voltage and trans-
conductance [8].
The double SOI (D-SOI) structure was introduced to reduce
the TID effect. The D-SOI device has an additional thin mid-
dle Si layer in the BOX layer [10]. This middle Si layer com-
pensates for the positive potential induced by the accumulated
charges by applying a small negative voltage (−2.5 V in this
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Figure 1: Schematic picture of XRPIX6C
work). In addition to TID compensation, the D-SOI structure is
useful in terms of spectral performance. In the single SOI (S-
SOI) structure, which is the conventional SOI structure, there
is a capacitive coupling between the sense node in the sensor
layer and the circuit layer. As the middle Si layer is biased at a
fixed bias voltage, it acts as an electrostatic shield, and reduces
this capacitive coupling [11]. As a consequence, the chip out-
put gain increased and the readout noise reduced in the D-SOI
device [12].
Although the radiation hardness for D-SOI devices applied
in high energy accelerators has been evaluated [13, 14, 8], the
devices used for astronomical applications have not been eval-
uated thus far. Therefore, we irradiated a 6 MeV proton beam
on the D-SOI type XRPIX and evaluated its radiation hardness,
from a perspective of astronomical applications. The proton ir-
radiation experiment is described in Section 2 and its results
are reported in Section 3. In Section 4, we discuss the physi-
cal mechanism of gain degradation, and the conclusions of this
study are summarized in Section 5.
2. Proton Irradiation Experiment
2.1. Radiation Hardness Required for FORCE
In the orbit of the FORCE satellite (altitude of ∼ 500 km
and orbital inclination of ∼ 30◦), the onboard sensors experi-
ence radiation damage mainly due to the cosmic-ray protons
geomagnetically trapped at South Atlantic Anomaly. The dose
rate of the trapped protons on the XRPIX is approximately ∼
0.1 krad/year [15]. As X-ray astronomical satellites operate for
a few to ∼ 10 years in orbit, the total dose during the mission
lifetime is less than a few krad.
Compared with high energy accelerators, the typical dose
level in astronomical satellites is significantly lower. However,
in terms of device performance, more stringent requirements
are imposed in astronomical satellites. XRPIX is required to
have an energy resolution of 300 eV at 6 keV in full-width half
maximum (FWHM) and a readout noise of 10 e− in root mean
square (rms) [7]. Thus, we investigate the degradation of spec-
tral and noise performances with an accuracy of ∼ 10 eV (a few
e−) under a radiation dose of a few krad.
XRPIX
Proton 
beam
~400 mm
FC
Au film
45°
Figure 2: Schematic of the proton irradiation experiment. XRPIX is irradiated
with a proton beam scattered to 45◦.
2.2. D-SOI device: XRPIX6C
We performed a proton irradiation experiment on the D-SOI
device called “XRPIX6C,” at Heavy Ion Medical Accelerator
in Chiba (HIMAC), in the National Institute of Radiological
Sciences. A schematic of the cross-sectional structure of XR-
PIX6C is depicted in Fig. 1. The sensor layer is composed of
p-type Si with a resistivity of 4 kΩ cm, which corresponds to
the doping concentration of 3 × 1012 cm−3. As the thickness is
300 µm, the back bias voltage should be higher than ∼ 200 V
for full depletion. The pixel size is 36 µm × 36 µm. The size of
imaging area is 1.728 × 1.728 mm2 in this device, and will be
15 × 45 mm2 in the flight model [7]. The power consumption
of this device is ∼ 1 W, including the readout board. Each pixel
has a sense node surrounded by a buried n-well (BNW), which
was originally introduced as an electric shield [16]. In the D-
SOI device, as the middle Si layer acts as an electric shield,
the size of the BNW is as small as 3 µm, which is significantly
smaller than that of the BNW in S-SOI. Owing to the smaller
BNW size in the D-SOI device, the parasitic capacitance of the
sense node is significantly reduced, and the signal-to-noise ratio
is improved [12].
XRPIX6C was operated during proton irradiation because
the device will be operated in the space radiation environment.
The sensor layer was fully depleted by applying a back bias
voltage of −250 V, and the readout circuits were operated as
usual. A negative voltage of −2.5 V was applied to the mid-
dle Si layer. The device was placed in a vacuum chamber and
cooled down to ∼ −70◦C, which is determined by the experi-
mental setup of the cooler and the chamber. Although this tem-
perature is lower than that in the space environment (∼ −15◦C),
the noise due to the leakage current is negligible even at −15◦C.
2.3. Experimental Setup
The experimental setup is shown in Fig. 2. The proton
beam is scattered by a thin (2.5 µm)-gold film. XRPIX is in-
stalled at a scattered angle of 45◦ at a distance of ∼ 400 mm
from the scatterer. One of the main advantages of this config-
uration is the spatial uniformity of the beam at the location of
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Figure 3: Degradation of leakage current (left panel) and readout noise (right panel) of XRPIX6C (D-SOI device; red color/left axis) compared with those of
XRPIX2b (S-SOI device; blue color/right axis). Vertical axes are scaled to match each other at non-irradiation. The lines and shades indicate the best fit linear
function and its 90% confidence region, respectively. All the plots for XRPIX2b are the re-analysis results of the experimental data in Yarita et al. [15].
XRPIX. The device size of ∼ 1 mm corresponds to the angle
difference ∆θ = 0.1◦–0.2◦ from the scatterer. As the differ-
ential cross section of the Rutherford scattering is written as
dσ/dΩ ∝ sin−4 (θ/2), the non-uniformity of the beam flux due
to the angle difference will be a few percent. In addition, by
measuring the unscattered beam using a Faraday cup, the fluc-
tuations in the beam intensity can be monitored during the irra-
diation.
The energy of the incident proton beam is 6 MeV at the
beam line. Although the spectrum of the geomagnetically-trapped
protons in the FORCE orbit is a continuous spectrum peaked at
∼ 100 MeV, the energy deposit on the Si sensor is dominated by
4–20 MeV protons [15]. Therefore, 6 MeV is a good approx-
imation of the radiation environment in the orbit. In addition,
since this energy is sufficient to penetrate the BOX layer of XR-
PIX6C, the vertical non-uniformity of the dose level in the BOX
layer is negligible. The beam intensity at the location of XRPIX
was measured using an avalanche photodiode; it was found to
be 0.84–1.52×105 protons/s/cm2, corresponding to a dose rate
of 0.26–0.47 krad/hour, assuming a stopping power of SiO2 of
53.85 MeV cm2/g from the NIST PSTAR database [17]. The
range of values denotes day-by-day variation of the beam in-
tensity. Since such a variation was measured with the Faraday
cup during the irradiation, it was properly corrected in the total
dose estimation. XRPIX6C was intermittently irradiated with
the proton beam up to a total dose level of ' 5 krad, and the
device performance between the irradiations was evaluated.
3. Performance Degradation of XRPIX6C
3.1. Leakage Current and Readout Noise
We evaluated the degradation in the leakage current by an-
alyzing the pedestal values. In the pixel circuits of XRPIX,
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Figure 4: X-ray spectra of Mn Kα and Mn Kβ from 55Fe measured using the
D-SOI device after proton irradiation.
charges collected at the sense node are stored in sampling ca-
pacitors during a predefined integration time. As the leakage
current also flows into the sampling capacitor, the pedestal val-
ues should be proportional to the leakage current accumulated
during the integration time. Thus, we measured the pedestal
values as a function of the integration time and subsequently
estimated the leakage current based on its derivative. The left
panel of Fig. 3 illustrates the degradation in the leakage cur-
rent. Compared with the result of the S-SOI device, which is
indicated in blue [15], the increase ratio of the leakage current
of the D-SOI device is significantly lesser. Depending on the
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Figure 5: Degradation of chip output gain (left panel) and energy resolution (right panel) of XRPIX6C (D-SOI device), compared with those of XRPIX2b (S-SOI).
The results of S-SOI and the fitted functions are overplotted in the same manner as in Fig. 3.
linear fitting, the leakage current of the D-SOI device increases
by 9.9 ± 4.0% for an irradiation of 5 krad. We should note that
the reason of the large initial leakage current of the D-SOI de-
vice is not resolved.
The readout noise was also evaluated based on the pedestal
values. We fitted the histogram of the pedestal values for all
pixels using a Gaussian function, and its standard deviation was
used as a measure of the readout noise. The right panel of Fig. 3
depicts the degradation in the readout noise. Similar to the leak-
age current, the degradation in the readout noise of the D-SOI
device is significantly reduced. The best fit line indicates that
the readout noise increases by 1.8 ± 0.5% for an irradiation of
5 krad in the D-SOI device. Moreover, the readout noise is im-
proved owing to the electrical shielding due to the middle Si
layer as described in Sec. 1; it remains comparable with the
requirement of ∼ 10 eV even after irradiation.
3.2. X-ray Spectral Performance
The spectral performance was evaluated by irradiating X-
rays from the 55Fe radioisotope. As shown in Fig. 4, the spec-
tral performance changes slightly after a few krad of dose. For a
more quantitative evaluation, we fitted the Mn Kα line at 5.9 keV,
using a Gaussian function. The chip output gain and the en-
ergy resolution were estimated based on the peak position and
FWHM of the best-fit Gaussian function, respectively. In this
paper, the chip output gain is described in the unit of µV/e−,
meaning the conversion coefficient of the signals from the Si
sensor (e−) to charge signals in the chip output (µV).
Degradations in the chip output gain and energy resolution
are depicted in Fig. 5. Unlike the leakage current and readout
noise, the gain and energy resolution do not exhibit a signifi-
cant increase or decrease in the D-SOI device. At 5 krad, the
gain decreases by 0.35 ± 0.09%, and the energy resolution de-
grades by 7.1 ± 2.2%. Compared with the results of S-SOI, the
gain of D-SOI degrades in the opposite direction. The gain of
the D-SOI device decreases, whereas that of the S-SOI device
increases. Although the increase ratio of the energy resolution
improves, this increased value is evidently different between
the D-SOI and S-SOI devices. The energy resolution of the D-
SOI device increases by ∼ 20 eV, whereas that of the S-SOI
device increases by ∼ 200 eV. This increased value does not
change even if we consider the energy dependence of the en-
ergy resolution (i.e., Fano noise) because the Fano noises are
as small as 120 eV and 230 eV at 5.9 keV (D-SOI XRPIX6C)
and 22.1 keV (S-SOI XRPIX2b), respectively. Therefore, even
after an irradiation of 5 krad, the energy resolution is ' 260 eV,
which satisfies the requirement of the FORCE satellite.
4. Discussion on the Degradation Mechanism
4.1. Device Simulation
The proton irradiation experiment of the D-SOI device re-
vealed the degradation of spectral performance. In particular,
the gain degrades by a few tens of eV for the S-SOI device as
well as the D-SOI device. In addition, the gain of these devices
degrades in opposite directions, which would be an insightful
feature. Thus, in this section, we discuss the degradation mech-
anism of the chip output gain in the D-SOI device.
To investigate the mechanism of gain degradation, we cal-
culated the electric field structure and carrier distributions in
XRPIX6C using the semiconductor device simulator HyDeLEOS,
which is a part of the TCAD system HyENEXSS [18]. The
implementation of the device structure was identical to that in
Hagino et al. [19]. The sense nodes, p-stops, BPWs, BNWs,
and middle Si layers were implemented based on the parame-
ters provided by LAPIS Semiconductor Co. Ltd. In the simula-
tion, the TID effect was reproduced by setting the positive fixed
charges of ∼ 1011 cm−2 in the BOX layer, based on the previous
studies on SOI pixel devices [8].
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Based on the results of the device simulation, we found that
the BNW size varies with the BOX charge NBOX. Fig. 6 de-
picts the electron density map calculated via the TCAD simu-
lation. As shown in the figure, the effective size of the BNW,
whose electron concentration is 1016–18 cm−3, increases from '
2.6 µm at NBOX = 0 cm−2 to ' 3.4 µm at NBOX = 2×1011 cm−2.
This enlargement of the BNW is attributed to the positive poten-
tial due to the BOX charges. Such a potential attracts electrons
towards the interface between the sensor and the BOX layers,
thereby enhancing the electron density at the interface. Thus,
the BOX charge generated via irradiation enlarges the BNW.
We believe that this effect is one of the causes of gain degrada-
tion.
4.2. Relation of the BNW Size to the Gain:
consideration with another D-SOI device XRPIX6D
To investigate the relation between BNW size and chip out-
put gain, we analyzed the experimental data of another D-SOI
device called “XRPIX6D” [19]. Test element groups with dif-
ferent BNW sizes were implemented in this device. The spectra
obtained for the different BNW size are depicted in Fig. 7. The
chip output gain decreases with the increasing BNW size. This
indicates that BNW enlargement due to the irradiation would
probably result in gain degradation.
As a more detailed physical mechanism of gain degrada-
tion, we considered the effect of the sense node capacitance
on chip output gain. The chip output gain of XRPIX is deter-
mined using the closed-loop gain of a charge-sensitive amplifier
(CSA) GCSA, source follower circuit gain GSF ' 0.82, and gain
from sample-hold to the output buffer circuit GSH ' 0.8 [12].
The sense node capacitance affects the CSA gain. Considering
a CSA circuit with input capacitance CSN (in this case, sense
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Figure 7: X-ray spectra of the D-SOI device with different BNW sizes. The
peak position depends on the size of the BNW.
node capacitance) and a feedback capacitance CFB, the inverse
of chip output gain G can be written as
1
G
=
1
GCSAGSFGSH
=
1
AGSFGSH
CSN +
A + 1
AGSFGSH
CFB, (1)
where A is the open-loop gain of the CSA. If the sense node
capacitance increases from CSN to CSN + ∆CSN, the inverse of
the gain changes as
∆
(
1
G
)
=
1
AGSFGSH
∆CSN. (2)
As the parasitic capacitance between the BNW and the middle
Si layer is considered to be a major contributor to the sense node
capacitance CSN, we estimated the parasitic capacitance using
the parallel-plate capacitor formula. Based on the distance be-
tween the BNW and the middle Si layer dBNW−MS = 0.145 µm,
the open-loop gain A = 108 [12], and a permittivity of SiO2
ε = 3.5 × 10−13 F/cm, Eq. 2 is expressed as
∆
(
1
G
)
' 3.4 × 10−3 ×
(
∆S BNW
1 µm2
)
fF, (3)
where ∆S BNW is the change in the areas of the BNW.
Utilizing the data of XRPIX6D depicted in Fig. 7, we ver-
ified the validity of Eq. 3. In this data, the BNW size changes
from 3 µm to 13 µm, corresponding to ∆S BNW ' 160 µm2.
Thus, the change in the inverse of the gain is calculated to be
∆(1/G) ' 0.54 fF, using Eq. 3. On the other hand, based on the
experimental data of XRPIX6D, the change in the inverse of the
gain is calculated to be ∆(1/G) ' 0.56 fF. Thus, the change in
the gain corresponding to the change in the size of the BNW
can be appropriately explained by the relation in Eq. 3.
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4.3. Effect of the BNW Enlargement due to the Irradiation
Assuming the relation in Eq. 3, we calculated the change
in the area of the BNW required to explain the gain degra-
dation observed during the proton irradiation experiment. In
the experiment, the gain degradation was found to be 0.35%
at an irradiation of 5 krad, corresponding to ∆(1/G) ' 1.1 ×
10−2 fF. According to Eq. 3, to explain this gain degradation,
the BNW area should change by ∆S BNW ' 3.2 µm2. On the
other hand, the simulation of the device indicates that the BNW
area changes by ' 2–5 µm2 for the accumulated BOX charge of
1–2 × 1011 cm−2. According to a previous study [8], this value
of the BOX charge is reasonable for an irradiation of 5 krad.
Moreover, the opposite direction of gain degradation in the S-
SOI device XRPIX2b can also be explained by this scenario be-
cause XRPIX2b consists of an n-type substrate and p-type sense
nodes surrounded by BPWs rather than BNW. In the n-type sub-
strate, the electrons attracted to the sensor/BOX interface would
shrink the BPW around the sense node, thereby increasing the
gain. Thus, the gain degradation observed during the proton ir-
radiation experiment can be quantitatively explained by the in-
crease in the sense node capacitance owing to the enlargement
of the BNW.
The gain degradation due to BNW enlargement must also
affect the readout noise. In previous studies, the readout noise in
XRPIX was found to have a strong correlation with the gain [20,
21]. According to these studies, the readout noise σ and the
gain G have a power law relation of σ ∝ G−0.7. Thus, the gain
degradation of ∆G/G ' 0.35% observed in our experiment cor-
responds to the readout noise increase of ∆σ ' 0.3%. In addi-
tion, the increase of the shot noise due to the degradation of the
leakage current also contributes to the increase in the readout
noise. As the readout noise was evaluated using an integration
time of 1 ms, the contribution of the increase in the shot noise
to the readout noise is estimated to be ' 1.3 ± 0.5%. Thus, the
degradation in the readout noise can be completely explained
by a combination of the contributions of gain degradation and
the increase in the leakage current.
Although the degradation of the gain and readout noise is
explained by the above scenario, the degradation mechanism
of the energy resolution is not fully understood. One possi-
bility is the charge loss, which was analyzed in detail in our
previous study [19]. In the D-SOI devices, a part of the signal
charge generated by the incident X-ray is probably lost at the
Si/SiO2 interface between the sensor layer and the BOX layer.
The charge loss makes a tail structure in the X-ray spectra, and
degrades the energy resolution. Since the amount of the charge
loss must be affected by the electric field and the carrier dis-
tribution in the sensor layer, the BOX charges generated via
irradiation could also affect the energy resolution. However, in
the current experimental data shown in Fig. 4, it is difficult to
evaluate the change of the tail structure. Thus, in order to in-
vestigate the radiation effect from this aspect, it is necessary to
study at much higher dose level, where the degradation of the
energy resolution would be more significant.
5. Conclusions
We evaluated the radiation hardness of the new XRPIX with
a D-SOI structure, by irradiating a 6-MeV proton beam at HI-
MAC. We found that the degradation in the leakage current and
readout noise was improved in the D-SOI device. Even after
an irradiation of ∼ 5 krad, the energy resolution satisfies the re-
quirement of the FORCE mission (< 300 eV). Moreover, the
gain degradation could be explained by the enlargement in the
size of the BNW caused by the BOX charges (1–2×1011 cm−2).
The readout noise degradation was also found to be consistent
with the effect of gain degradation and the increase in leakage
current.
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